Heavy metals (e.g., Cd, Cu, Hg, Pb) at trace levels are proven toxic elements and can be the cause of human health disorders. 1, 2 Because the main sources of these metals for humans are water and food, monitoring the heavy metal content in natural waters is of paramount importance.
A rapid and sensitive method was developed to determine trace levels of Cd 2+ ions in an aqueous medium by flame atomic absorption spectrometry, using on-line preconcentration in a mini-column packed with 100 mg of 2-aminothiazol modified silica gel (SiAT). The Cd 2+ ions were sorbed at pH 5.0. The preconcentrated Cd 2+ ions were directly eluted from the column to the spectrometer's nebulizer-burner system using 100 µL of 2 mol L -1 hydrochloric acid. A retention efficiency of over 95% was achieved. The enrichment factor (calculated as the ratio of slopes of the calibration graphs) obtained with preconcentrations in a mini-column packed with SiAT (A = -1. ]), was 51 and the detection limit calculated was 0.38 µg L -1 . The preconcentration procedure was applied to determine trace levels of Cd in river water samples. The optimum preconcentration conditions are discussed herein. 
Synthesis of SiAT
Silica gel (Merck) with a specific surface area of 500 m 2 g -1
and an average pore diameter of 0.6 nm was activated at 420 K under vacuum (10 -3 torr). About 50 g of this silica was immersed in 200 mL of purified dimethylformamide (Merck), to which 12 mL of phosphorus oxychloride (Merck) was added. The mixture was refluxed in a nitrogen atmosphere for 36 h, filtered, washed with dimethylformamide and ethanol and heated under a vacuum to eliminate any remaining solvent. The resulting solid was immersed in 135 ml of purified dimethylformamide and 18 g of 2-aminothiazole (Aldrich) was added. The mixture was stirred for 26 h at 380 K in a nitrogen atmosphere. The resulting modified silica (SiAT) was filtered off, washed with dimethylformamide and ethanol and then heated for 8 h at 348 K under a vacuum (10 -3 torr).
Preparation of the SiAT collector can be expressed by Reactions (1) and (2):
The number of 2-aminothiazole groups attached to the silica gel was determined by nitrogen analysis using the Kjeldhal method. The specific surface area was determined by the BET 18 method using a automated Micromeritics ASAP 2010 device (Micromeritics Instrument Corporation, USA).
Infrared spectra
Diffuse reflectance infrared Fourier Transform (DRIFT) spectra were obtained in Kubelka-Munk units, using a Nicolet Model Nexus 670 spectrometer equipped with a Smart Collector. One milligram of material was mixed with 500 mg of KBr. 19 
Apparatus
A SHIMADZU Model AA-6800 atomic absorption spectrometer equipped with a hollow cadmium cathode lamp and a deuterium lamp for background correction was used. The spectrometer's monochromator was adjusted to 228.8 nm (the resonance line corresponding to a highly cadmium-sensitive wavelength). Several selections were made to adjust the spectrometer, including: slit width, 0.5 nm; burner height, 8 mm; sample uptake rate, 1 mL min -1 ; air flow rate, 2.2 L min -1 ; and acetylene flow rate, 0.9 L min -1 . The atomic signal was measured in peak height mode.
The on-line preconcentration system was equipped with an Ismatec Model IPC-8 peristaltic pump furnished with Tygon pumping tubes (i.d. 0.5 mm) and a homemade Perspex injectorcommutator. Figure 1 shows the flow diagram of the system, which consists of a peristaltic pump, an injection valve (homemade injector-commutator) and a mini-column packed with SiAT.
On-line preconcentration system
Standard solutions (or water samples) in a concentration range of 5 -50 µg L -1 Cd 2+ , after being adjusted at convenient pH with acetate buffer solution, were percolated through a mini-column that adsorbed the Cd 2+ ions. The remaining solution was discharged (3-aqueous waste). If one slides the injection valve bar, a stream of water (CR) carries 100 µL of a 2.0 mol L -1 HCl solution that desorbs the Cd 2+ ions. This eluate was taken directed to the nebulizer-burner system of the spectrometer and the signals were measured as peak heights by using instrument software.
The Cd 2+ concentrations were read from the analytical curves.
Results and Discussion

Characteristics of the material
The infrared SiAT spectra shown in Fig. 2 confirm the presence of 2-aminothiazole groups bound to the silica surface. The small absorption band visible at 2784 cm -1 was due to the C-H stretching of aromatic olefins. Two other bands of interest, which are visible at 1471 and 1395 cm -1 , were attributed to δC=N and δN-H, both dislocated from low frequencies due to the remaining δSi-O in the silica gel, which shows a strong absorption at 1630 cm -1 .
The chemical analysis of nitrogen in SiAT revealed that 1.24 ± 0.07 mmol g -1 of the functional groups were attached to the silica surface, and that the specific surface area of the SiAT was 354 ± 0.6 m 2 g -1 . The attached 2-aminothiazole groups displayed high stability under the various adsorption-elution cycles of metal ions by the adsorbent in the column.
Effect of physical and chemical parameters
To adjust the physical and chemical variables for Cd 2+ ion preconcentration and elution, we tested the following parameters were tested. The preconcentration and elution flow rates were varied from 0.3 to 3 mL min -1 , while the amount of injected Cd 2+ ions was kept at 20 µg L -1 . As shown in Fig. 3 (graph a), the optimum peak absorbance was obtained at a preconcentration flow rate of about 1 mL min -1 . The sensitivity increased with increasing elution flow rate (Fig. 3, graph b) , reaching the maximum value from 1.5 mL min -1 on. Considering the best values of absorbance, the preconcentration and elution flow rates we selected were 1.0 and 2.0 mL min -1 , respectively. As a compromise between loading capacities and eluent volumes, different column lengths and inner diameters were tested; the dimensions we selected were 5.5 cm and 3 mm, respectively.
The effect of pH on the sorption of Cd 2+ in the column's reactive phase was evaluated by varying the pH in the 1 -5 range with a constant 20 µg L -1 injection of Cd 2+ solution and a 3 min sampling time (using a flow rate of 1 mL min -1 ). These experiments showed that the sorption of Cd 2+ ion decreases with the acidity of the solution and that the pH value 5.0 was optimal for the sorption of Cd 2+ , results in accordance with these in previous papers. 15, 16 Experiments at pH values higher than 5 were not carried out because of the possibility of hydrolytic processes and the formation of complexes of type [Cd(OH)] + , that could decrease the transfer of Cd 2+ ions from the solution to the SiAT surface. 15 Thus, the pH value 5.0 was chosen for further experiments, using 5 × 10 -3 mol L -1 acetate buffer. The efficiency of Cd 2+ ion elution was investigated using HNO3 and HCl in varying concentrations. Figure 4 illustrates the influence of eluent concentrations, revealing that the HCl solutions were more favorable for eluting metal ions. However, elution efficiency increased with increasing HCl concentrations, remaining constant at about 2.0 mol L -1 . Therefore, the 2 mol L -1 HCl solution was chosen as the eluent.
Analytical performance
Linear analytical curves were obtained for the 5 -50 µg L -1 range of Cd 2+ preconcentrated using sampling times of 3, 4, and 5 min (volumes injected in triplicate at a flow rate of 1 mL min -1 ). Accordingly, the calibration slopes increased, but not proportionally with the increase of sampling time, which means that the retention efficiency in not constant.
The enrichment factors, calculated as the ratios of slopes of the calibration graphs obtained with preconcentration in a minicolumn packed with SiAT (A = -1. ]), were evaluated under the same conditions as described before. Figure 5 shows the calibration graphs obtained for the 5 -50 µg L -1 range of Cd 2+ preconcentrated for 5 min. The preconcentration factor, which was calculated by comparing it with the calibration graphs without preconcentration (Fig. 5 , graph b) and with preconcentration in the SiAT mini-column (Fig. 5, graph a) , was 51.
Differences between the preconcentration factor and the added and eluted volumes may have occurred due to loss of efficiency as the sample volumes were increased. As Table 1 indicates, the preconcentration efficiency declined from 99% to 93% when sample volumes, gradually increased from 3 to 5 mL, were run through the column. The preconcentration factor under these conditions increased from 29 to 46. The precision, expressed as RSD for twelve independent determinations, was 3% for 20 µg L -1 of Cd 2+ ions. The detection limit, defined as the Cd 2+ concentration that gives a response equivalent to three times the standard deviation (SD) of the blank (n = 12), 20 was found to be 0.38 µg L -1 for 5 min of sampling time. The sampling frequency was fifteen samples per hour.
The reproducibility of column preconcentration, expressed as SD and tested by sampling a 20 µg L -1 Cd 2+ solution for 5 min in 12 separately prepared mini-columns, was about 99 ± 3% (19.80 ± 0.60 µg L -1 ).
The influence of dissolved salts on the preconcentration of Cd 2+ was evaluated by adding 500 µg L . The interference study (Table 2) showed that the method proposed is fairly selective for Cd 2+ . The Cd 2+ ions are adsorbed selectively in 1031 ANALYTICAL SCIENCES JULY 2004, VOL. 20 SiAT-packed columns because of the strong affinity of Cd
2+
ions for the thiazole groups of SiAT. This behavior is congruent with Pearson's classification of hard and soft acids and bases, 21 according to which soft acids (Cd 2+ ) bind preferentially to soft bases (thiazole groups, in this case).
Determination of cadmium in river water samples
The method proposed here was successfully applied to determine cadmium in samples of river water from various sources (Tietê, Parapanema and Parana rivers, SP, Brazil, which are contaminated by heavy metals). Table 3 lists the results obtained through the proposed method. As Table 3 indicates, the SiAT-FAAS determinations revealed cadmium concentrations 16 -25% lower in undigested river water samples than in the photolyzed samples. This difference in results has been attributed to the formation of inert complexes of Cd with aquatic humic substances (HS), which are less accessible for the functional groups of the collector. 22 After digestion (by oxidizing UV-photolysis in the presence of 0.01% H2O2), the Cd 2+ ions bound to HS in the form of inert complexes can react quantitatively with functional SiAT groups. These findings are congruous with results obtained by direct determination through GFAAS (graphite furnace absorption atomic spectrometry), also listed in Table 3 .
Conclusions
The method proposed represents a good alternative for determining cadmium at ultra low trace levels in an aqueous medium. The high stability of the SiAT-packed mini-column is evidenced by life times of at least one year if unused and at least one month if used 5 h per day. The proposed method allows for online cadmium determination in natural water samples by FAAS, although it requires predigestion of samples, e.g., by a sample oxidizing UV photolysis, which is necessary to eliminate the interference of aquatic organic matter, particularly aquatic humic substances that can form inert complexes with Cd 2+ ions. 
